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1 Introduction

This report contains the conceptual design for a new beamline, proposed at NSLS-II, to measure the struc-
ture, deformation, and fast dynamics in materials systems. Performing these measurements on real-world
functional materials will enable knowledge-directed materials engineering. In a full-field mode, the beamline
will use 5-15 keV x-ray photons to probe polycrystalline samples up to 10 µm in size at nanoscale resolu-
tion. By scanning the sample through the x-ray beam, much larger samples can be examined with the same
resolution. The combination of this instrument with the highly coherent source at NSLS-II will result in a
powerful tool for the study of materials systems.

1.1 Background

X-ray coherent diffractive imaging (CDI) has been developed as a non-invasive, lens-less technique to probe
material structure on the nanoscale. Forward-scattering CDI can be used to produce a 3D image of micron-
sized or larger samples, with nanometer-scale resolution, from measurements of the transmitted x-ray inten-
sity. 3D images are vital to understanding the interrelationship between between nanoscale local phenomena
and the behavior of the entire system. These images, with suitable prior knowledge, can provide information
regarding density or elemental composition with nanoscopic resolution. The density and composition infor-
mation can provide invaluable information about transport of material within a sample and the relationship
between structure and function. Bragg CDI utilizes the same procedure; however, the data are collected at
Bragg reflections. This allows a Bragg CDI measurement to determine a 3D map of the deformation field in-
side a crystal, with very high sensitivity, simultaneous to the determination of its shape[1, 2, 3, 4, 5, 6, 7, 8, 9].
The third spatial dimension is provided by combining many 2D patterns measured either at each point along
a rocking curve scan of the crystal reflection or during a scan of the incident energy, far from any atomic
or molecular resonance, which effectively scans along the radial direction through a reflection in the Ewald
construction.

Figure 1: Current performance and upgraded spec-
tral brightness envelopes, containing all insertion de-
vices, for selected operating US storage-ring-based
light sources. The NSLS-II brightness envelope was
calculated at the assumption 0.8 nm horizontal emit-
tance and 500 mA current of the electron beam.

Understanding the deformation of a material
from its ideal lattice is vital to the prediction of
a material’s function, aging, and failure. These
techniques were foreshadowed by Sayre[10] in 1952,
demonstrated by Miao[11] in 1999, and are rou-
tinely applied to a wide range of materials at recent-
generation, storage-ring-based x-ray facilities[12,
13].

NSLS-II is a state-of-the-art third generation
storage ring facility, providing an electron beam
with high emittance. These properties are the basis
for a highly desirable coherent x-ray source for use in
CDI. A snapshot of current and future storage-ring
source properties is shown in Fig. 1.

1.2 Executive summary

The requirements on the x-ray illumination to make
these nanoscale resolution measurements are high:
the traditional method calls for complete transverse
and longitudinal coherence, while recent work[14,
15] reveals modifications that substitute an under-
standing of the beam, within known limits. The
proposed beamline will use a four-mirror focusing system to provide a spot size of up to about 10 microns
in diameter and down to below 1 micron at the sample location, which is coincident with the waist of the
x-ray beam. This system will allow the total flux to remain essentially the same for each x-ray spot in
this range. The optical design allows for achromatic focusing, which permits the exploitation of anomalous
scattering and the scanning of photon energy. The transverse, i.e., spatial, coherence length of the beam

5



will be tunable and the longitudinal coherence will be set by a monochromator. Two crystal pairs will
be used: Si(111) crystals will be employed for routine work on micron-sized samples; and a Si(311) pair
will be available for the largest samples and those requiring a large scattering angle. A double multilayer
monochromator will also be available and used for locating crystalline grains within a sample and to provide
additional partially-coherent flux to samples that require this, for example, nm-sized crystalline grains.

Figure 2: A schematic demonstrating the CDI beam-
line concept. A four-mirror focusing system provides
a ”zoomable” spot size and coherent scattering data
is measured in two independent detectors. The opti-
cal system is essentially achromatic and the coherence
properties of the beam can be controlled.

To address the challenge of robustly and flexi-
bly imaging ordered and amorphous materials with
typical sizes in the micron range at nanoscale resolu-
tion, CDI is a natural choice of technique. The effi-
cient design of such an instrument requires an under-
standing of the impact of the x-ray detector and the
measurement geometry. In CDI, continuous diffrac-
tion patterns are measured in 2D, while 3D informa-
tion is collected by scanning the “pose”—the posi-
tion and orientation—of the sample or the incident
photon energy. To a first approximation, the extent
of the measured diffraction pattern—the angle sub-
tended by the detector—determines the best possi-
ble resolution of the resulting image, while the sam-
pling period—typically the pixel pitch—determines
the field of view. These considerations allow the
specification of a detection system, given the tar-
geted sample and feature size and the instrument
photon energy range.

The requirement for imaging single crystals of
several microns in size at nanoscale resolution—over
the photon energy range from 5 to 15 keV, where
NSLS-II provides an exceptionally high-brightness

source—with currently available x-ray detectors is that the maximum reasonable sample-to-detector distance
is of order 8 m, with a minimum displacement of about 0.5 m. To support simultaneous measurement
of multiple-Bragg-reflection, forward- and Bragg-scattering, and multiple-grain Bragg-scattering CDI, two
detectors should independently positionable in a large region of reciprocal space. This capability is a unique
feature of the design that will provide complementary information that is not currently available at any
coherence imaging instrument. The deformation sensitivity of the method scales with the order of the Bragg
reflection, instituting a requirement for large-angle scattering measurements. These geometries are sketched
in Fig. 3.

The sample will be positioned on a flexible goniometer that will allow a reasonable loading to accommo-
date environmental cells. These cells might provide for gas or liquid flow, contain high pressure environments,
or be cryogenically cooled. A fast-scanning axis will be provided to support methods like ptychography. The
working distance of the optics will be approximately 0.5 m, allowing for unusual cell geometries, ancillary
detectors to monitor the beam or sample, or the implementation of probe devices, such as a magnetic or
laser optical system.

1.3 Science targets

Increasingly, advanced functional materials are heterogeneous. The behavior of polycrystals, materials com-
posed of multiple highly-ordered regions or crystal grains, often depend upon the intergrain interactions,
which could be elucidated through Bragg CDI investigations of multiple individual grains with the poly-
crystal. Some materials of interest can also exhibit a very low degree of long-range order, being primarily
amorphous with small crystalline regions. In these cases, 3D images of the structure and deformation of
the ordered regions from Bragg CDI might be combined with 2D images, derived from forward-scattering
CDI, to form a more complete picture of the interplay between amorphous and crystalline regions with the
sample. Samples of real materials also tend to display heterogeneity over several decades of length-scale. A
strength of CDI is that, at hard x-ray energies provided by at NSLS-II, it can conveniently be used to image
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several-micron-sized particles at nanoscale resolution. The following describes several example research areas
that would benefit from a state-of-the-art x-ray CDI beamline.

1.3.1 Semiconductors

Figure 3: Three of the novel scattering geometries sup-
ported by the proposed instrument: (Top) the simulta-
neous measurement of two Bragg peaks from the same
crystal; (Bottom-left) the simultaneous measurement
of an amorphous sample in 2D and a crystal in within
it in 3D; and (Bottom-right) the simultaneous mea-
surement of two grains within a large polycrystal.

Strain is important for mobility and band gap engi-
neering techniques used in the present generation of
CMOS devices and in the emerging world of silicon
quantum electronics. Bragg CDI has been used by
Thomas et al. [16] to examine individual strained
Silicon-on- Insulator (SOI) structures. Strain pat-
terns can be created in model devices with sizes
more relevant to current technology (22nm), that
penetrate partially into the thickness of the SOI
layer, as is relevant. As Thomas et al. found, Bragg
CDI is particularly valuable in devices fabricated us-
ing SOI because the active layer of Si has a differ-
ent orientation from the much thicker handle[16].
The challenge of manipulating the structure of sil-
icon includes creating interfaces with graphene and
other emerging two-dimensional electronic materi-
als and integrating other functionalities into silicon
electronics. Bragg CDI studies of nanowire struc-
tures have come out of ID01 at ESRF, which has
become a major center for this activity [17]. The
laser-excitation of nanowire structures is a large un-
tapped area for pump-probe Bragg CDI. It is even
possible to image lattice distortions in semiconduc-
tor heterostructures[9].

We plan to interact with the user community to develop UHV growth chambers compatible with Bragg
CDI beamline. These will be used both for in-situ growth studies of nanowires and other nanocrystals as
well as their laser excitation. Special consideration will be required for the design of a common X-ray/laser
window system. There is significant user interest in time resolved Bragg CDI of polycrystalline films both
in the GISAXS geometry[18] and in the Bragg-angle domain. Even under steady state growth there are
strong density fluctuations in sputtered films that couple with the surface roughness to give a heterodyne
coherent interference signal, which can reveal detailed structural information about both the film ‘bulk’ and
the growing surface[18].

1.3.2 Complex Oxides

These materials can be driven far from equilibrium by external electric fields. X-ray scattering techniques
couple directly to the order parameters relevant to ferroelectricity and magnetism, providing results that
are fully quantitative [19]. Bragg CDI can resolve small strains with spatial resolution far better than
selected-area diffraction approaches. In addition, coherent scattering experiments can have time-resolutions
limited only by the bunch length of the pulses from the storage ring, which will be on the order of 30 ps at
NSLS-II. Phenomena accessible with the dramatic advance in spatial and temporal resolution include domain
dynamics, the physics of magnetoelectric coupling, the coupling of soft modes to applied fields, coupling of
strain between components of multilayers and multicomponent multifunctional materials.

1.3.3 Alternative Catalysts

Zeolite and perovskite oxide materials have both been proposed as alternatives to Platinum-Group Metal
(PGM) automotive emission catalysts, with the advantage of being substantially cheaper [20]. Perovskites
are classical mixed-ion oxides with composition ABO3. The oxygen coordination is cuboctahedral (12-fold)
around the A site and octahedral around B. The discovery in 2010 that La(1−x)SrxMnO3 (LSMO) and
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La(1−x)SrxCoO3 (LSCO) perovskites were as effective as PGMs for removing NOx from diesel exhaust was
an important breakthrough[21]; this class of oxides had been found ineffective before and thought to become
active catalysts by virtue of having Sr++ active sites. Zeolites are crystalline Aluminosilicate composites with
a regular nano-porous lattice structure which allows gases to reach active sites within their framework. The
zeolites most relevant to automotive catalysts are ZSM-5 and SAPO-34. We will provide gas handling sample
environments for operando experiments to observe the strains within these micro-crystalline oxide catalysts
while they perform their reactions. Bragg CDI can obtain 3D images of distortions of the internal “plumbing”
of the nano-porous network which provides their large surface area and selectivity during reactions. The
expected resolution, in the nanometer range, is insufficient to see the 0.5 nm pores directly, but the strain
sensitivity is much better than a lattice constant; crystal distortions in the picometre range can be detected
when they extend over the resolution range. The nanometer length scale is well-matched to the expected
scale of distortions due to “coking” which results in catalyst lifetimes too short for commercial exploitation.
A potentially new area of laser-promoted ultrafast catalysis can be explored using time domain Bragg CDI
experiments.

1.3.4 Nanoscale Mechanical Materials

Mechanical deformation is vital to the operation and development of state-of-the-art devices in sensing,
data storage, and optomechanics, as well as the engineering of ultrastrength materials. By measuring the
force required to fracture micron-sized single crystal diamond, needles [22] have been shown to exhibit
ultralarge elastic deformation. Using Bragg CDI, such experiments would recover the nanoscale deformation,
providing additional input to the modeling of such systems. This allows for enhanced materials engineering
with feedback on materials performance provided with nanoscale resolution. In the case of polycrystalline
materials, the method could allow the simultaneous mapping of deformation within neighboring grains in
a micron-sized feature. In quantum information science, the nitrogen vacancy within diamond resonators
is among the most promising implementations of a qubit. Attempts are on-going[23] to fully characterize
the strain dependency of the vacancy ground state. With Bragg CDI, the data from each reflection results
in deformation projected along one momentum transfer vector. The measurement of multiple reflections
simultaneously is an efficient way to recover the full strain tensor of a crystal. In these potential qubit systems,
the deformation mapping and sensitivity of Bragg CDI, coupled with the ability to measure structural
evolution, could add invaluable insight to the materials science underlying quantum information science.

1.3.5 Energy Conversion Materials

Thermoelectric materials may be a future replacement for traditional compressor-based cooling and refrig-
eration devices. Since these directly convert between heat and electricity, their further development may
also lead to waste-heat recovery technologies. The primary loss mechanism is through sustained phonon
modes, which increase the thermal conductivity, within the crystalline domains of the device. Recently, it
was demonstrated that record-setting performance of a Bi2Te3 material could be achieved by creating a
composite material of micron-sized grains with nanoscale crystalline inclusions[24]. With Bragg CDI, it will
be possible to image few-micron sized crystals with sufficient spatial resolution to resolve the nanoscale fea-
tures. The deformation information gained near the boundaries may lead to even more effective strategies for
phonon scattering and thereby to more efficient thermoelectric devices. The high coherent flux and variable
x-ray spot size provided by a Bragg CDI instrument will enable in operando experiments on this system and
many others. Sections 4 to 6 provide supporting information on controls, construction, and safety.

1.4 Document Structure

In the remainder of this document, we present our plans to deliver a tool to advance the understanding
of materials systems, including those described above. In Section 2, we present our preferred achromatic,
100-m-long optical system that will provide a continuously zoomable spot size in the 1 to 10 micron range
without loss of x-ray flux. A novel feature of the optical design is the ability to vary the coherence properties
of the incident beam, for example, to provide as many x-rays as possible to a evolving sample or a nearly
perfect beam to a sample with subtle lattice distortion. That spot will be delivered to an endstation, whose
concept is described in Section 3. A clear area surrounding the sample will be preserved for the introduce
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of new sample environmental cells. A goniometer with scanning capability will be proposed to support
the application of the method to a wide range of samples. Finally, the detector motion system needs and
a proposed concept will be presented to deliver on our novel capability to perform several simultaneous
coherent imaging experiments.

1.5 Contributors

The CDI beamline project team consists of G. Williams, scientific lead, L. Berman, project manager, Yi Zhu,
project engineer, O. Chubar, optics and source simulation scientist, and M. Idir, x-ray optics scientist, with
assistance from S. Hulbert and Y. Chu. C. Spataro and F. Lincoln have conducted numerous measurements
of facility vibrational stability.

The CDI beamline advisory team is comprised of I. Robinson, R. Harder, A. Mancuso, R. Sandberg, and
O. Sphyrko. Robinson and Mancuso have directly contributed to this report.
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2 Optical Design

Figure 4: The full layout of the proposed beamline. Individual components and their locations are called
out in the text.

To address the science cases described above and optimize a Bragg coherent diffractive imaging instrument
for NSLS-II, we set the following design goals for our optical system:

1. To maximize impact from the source, the coherence of the illuminating field should be variable. The
design target is to provide coherence lengths in the illumination that vary from much-longer-than to
around 20% of the respective dimension of the sample.

2. The transverse x-ray spot size should be variable from around 10 µm to less than 1 µm in diameter
without moving the interaction point between the x-rays and the sample.

3. The interaction point should be independent of the photon energy in the illuminating field.

4. The field near the interaction plane should be as free from aberration, phase error, and instability as
is possible.

5. The working distance of the final optics should be long.

Points 1 and 2 support the ideal of providing as many usable x-rays to the interaction point as is possible. This
capability drives time-resolved studies and, more practically, can reduce the long-term stability requirements
of the remainder of the instrument. The requirement of point 3, an achromatic optical system, is driven by
the need to support x-ray resonance contrast imaging and the 3D scanning of the diffraction intensity along
the energy axis for use in CDI reconstruction. Point 4 highlights the role of the illuminating field in the
recovered CDI micrographs, i.e., that an imperfect or poorly understood illumination could give rise to an
erroneous interpretation of the resultant images. A state-of-the-art CDI instrument should be designed with
an explicit attention paid to its capabilities in supporting in situ and operando science; point 5 supports
these capabilities by providing adequate stand-off areas to accommodate sample cells, diagnostics, and novel
detection geometries.

A four-mirror optical system has been developed to support the needs identified above. Kimura et al.[25]
have previously proposed such a system based on four, two each horizontally- and vertically-deflecting,
deformable x-ray mirrors. We have chosen an optically equivalent scheme that is similarly comprised of
two pairs of horizontally- and vertically-deflecting, but wherein one pair of mirrors is deformable and the
other has fixed-figure. Formally, in this latter scheme, the horizontal and vertical mirrors must move with
respect to one another along the optical axis of the system. From upstream to downstream(See Fig. 4.), the
proposed beamline components and their distance from the source point are:
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27.0 m white beam mask, NSLS-II standard design;

27.2 m primary Bremstrahlung collimator, NSLS-II standard design;

28.4 m white beam slits, NSLS-II standard design;

28.9 m fundamental harmonic filter, CVD diamond filter with 20 µm thickness;

29.2 m diagnostic stand, beam visualization;

30.0 m double multilayer monochromator (DMM), 0.1% bandpass, horizontally deflecting;

31.7 m double crystal monochromator (DCM), Si(111) and Si(311) crystal pairs, horizontally de-
flecting;

32.8 m Bremstrahlung shielding, to be designed to NSLS-II standards;

33.9 m diagnostic stand, visualization;

35.0 m first vertical mirror, bendable, silicon surface only;

35.9 m diagnostic stand, visualization;

37.0 m first horizontal mirror, bendable, silicon surface only;

38.0 m diagnostic stand, visualization and beam position monitor;

38.6 m Bremstrahlung shielding, to be designed to NSLS-II standards;

39.1 m photon shutter, NSLS-II standard design;

65.4 m diagnostic stand, visualization and beam position monitor;

65.9 m photon shutter, NSLS-II standard design;

95.0 m slits, low scattering;

97.4 m vertical KB mirror, fixed figure mirror, movable along optical axis;

98.0 m slits, well-polished;

98.0 m horizontal KB mirror, fixed figure, movable along optical axis;

98.8 m diagnostics, visualization and beam position monitor; and

100 m sample-x-ray interaction point.

Below, we present design considerations for the x-ray source, front end, and two related optical designs,
each providing about 500 mm of clear distance between the sample and the mirror vacuum chamber, discuss
their relative merits before describing the details of individual components in the schemes. A schematic
layout of the preferred, 100-m-long optical design is show in Fig. 2. Section 3 contains details of the
endstation concept.

2.1 Front-end Design

Fig 5 shows the standard NSLS-II front-end components, where an insertion device, not shown, will occupy
the space to the right, upstream of the two x-ray beam position monitors (XBPM). The proposed beamline
is not expected to require significant modifications to this design.
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Figure 5: A typical NSLS-II front-end layout. The front-end for the CDI beamline is expected to be nearly
identical.

2.1.1 Undulator

The spectral range of the Bragg CDI beamline, spanning 5 - 15 keV, can be easily covered at a 3 GeV storage-
ring facility by different types of small-gap small-period undulators, see Figs. 6 and 7. The most conservative
option is a commercially available hybrid in-vacuum undulator (IVU) similar to a 3-m long, 5-mm minimum
gap, 20 mm period undulator, referred to as IVU20, that is used at NSLS-II beamline, for example, at HXN,
the Hard X-ray Nanoprobe. This undulator covers the required spectral range with its undulator radiation
(UR) harmonics 3 through 11. Preliminary parametric optimization of a room-temperature IVU option was
performed using the magnetostatics code Radia [26] and synchrotron radiation code SRW [27], for currently
available comprehensive magnetic materials (Namely, Dy-doped NdFeB with remnant magnetization of 1.19
T for permanent magnets and Va Permendur steel with saturation at ∼2.4 T.) and the electron beam vertical
“stay-clear” constraint for the low-beta straight section of NSLS-II, where the beamline undulator source
of the beamline will be installed. The results of these calculations, see Fig. 6, suggest that the highest
brightness and flux can be provided by IVUs with periods of 18-19 mm, lengths between 2.2-2.9 m and
minimum gaps of 4.2-4.9 mm.

Higher spectral brightness and flux, up to factor of 1.5 - 2 at high photon energies, can be offered by a
more performant, e.g., superconducting, undulator technology, as shown in Fig. 6. This type of undulator is
currently under development at APS / ANL [28]; however, the superconducting undulators (SCU) that were
constructed there so far have larger gaps, an approximately 8 mm clear aperture, and shorter lengths, at
around 1.5 m, than is required for the best magnetic and spectral performance for the Bragg CDI beamline
at NSLS-II (Best performance would require a 4 mm clear aperture, 5.8 mm magnetic gap, 2 m length,
and 15.7 mm period.). Nevertheless, there are hopes that by the time of construction of this beamline, the
superconducting undulator technology will mature further.

Aside from the room-temperature IVU and SCU, cryo-cooled IVUs–also known as cryo-cooled permanent
magnet undulators, CPMUs–could be considered for the Bragg CDI beamline. Spectral performance of such
undulators is somewhat inferior to an ideal SCU, see Fig. 7, where CPMU and SCU spectral curves are shown
in comparison with those of IVU20. However, this technology has proven to be sufficiently mature for the
required parameters as of the time of this writing[29, 30]. Finally, for each of the three magnet technologies–

12



IVU, CPMU, SCU–a segmented adaptive gap undulator (SAGU) concept could be considered[31]. This
would further increase the corresponding undulator spectral performances, as shown by dashed lines in Fig.
7. The decision about the final choice of the type of undulator will be made in near future, taking into
account strategies concerning undulator R&D at NSLS-II, potential risks and total budget for the Bragg
CDI beamline; however, our current preference is for a room-temperature in-vacuum undulator
with a magnetic period of 18-20 mm, representing a favorable combination of risk and performance.

Figure 6: Approximate spectral brightness and flux curves of possible room-temperature in-vacuum undu-
lators with different periods and lengths, all satisfying spectral requirements of the Bragg CDI beamline
and the vertical electron beam “stay clear” constraint for the low-beta straight section of NSLS-II. Spectral
curves for an optimized (projected) superconducting undulator are also shown, for comparison. The NSLS-II
“day 1” 0.9 nm horizontal electron beam emittance and the projected 500 mA current was assumed at these
calculations.

2.1.2 X-ray beam position monitor

Historically at NSLS-II, front-end XBPMs[32] have not been uniformly installed; however, there is a benefit
to these devices: they can be easily integrated into a feedback loop on the trajectory of the electron beam.
This has been done at the Hard X-ray Nanoprobe to good result and we will require similar beam stability
for CDI, so we propose to install front-end XBPMs.
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Figure 7: Approximate spectral brightness and flux curves of possible undulator options assuming different
magnet technologies (IVU, CPMU, SCU), all satisfying spectral requirements of the Bragg CDI beamline.
In addition to conventional undulator brightness and flux curves (solid lines), curves for eventual segmented
adaptive-gap undulators (SAGU) for the corresponding magnet technologies are also shown (dashed lines).
“Long-term goal” NSLS-II 0.55 nm horizontal electron beam emittance and 500 mA current was assumed.

2.2 Optical Simulations

The SR calculation method implemented in the SRW code is based on the retarded potentials technique
and allows for high-accuracy CPU-efficient computation of the horizontal and vertical components of the
frequency-domain electric field generated by a relativistic electron in a magnetic field of arbitrary configu-
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Figure 8: Intensity distributions (upper image plots) and principal value of the phase (lower image plots) of
undulator radiation electric field from single electron propagated to sample position, without (on the left)
and with (on the right) possible mirror errors, for the 100 m beamline option, 1 um spot size case, see Fig.
12

ration as observed in the near-field region [27]. The simulation of propagation of a fully-coherent radiation
beam is implemented using a combination of the CPU-efficient Fourier optics, the stationary phase, and the
X-ray dynamical diffraction based methods. For each optical element and drift space, the propagation of two
transverse components of the frequency-domain electric field is simulated locally, from a plane perpendicular
to the optical axis before the element, to a plane perpendicular to the optical axis after it. The intensity,
as well as the mutual intensity or cross-spectral density, of the partially-coherent radiation from the en-
tire electron beam is calculated by summing up intensities derived from electric fields emitted by different
“macro-electrons” distributed over the phase space of the electron beam and propagated through an optical
system to a required observation plane[33]. This calculation method was successfully used for estimating
performances of early coherence-exploiting beamlines at NSLS-II[34] and for preliminary simulations for the
Bragg CDI beamline[35].

2.3 60-m optical scheme

A “short” version of our four-mirror zoom concept is illustrated in Fig. 10, where the top panel displays the
optical components and their locations to produce a 1-micron focal spot with a coherence length roughly
equal to the beam size. The monochromator, not shown, would be located upstream of the slit labeled ‘S0.’
For each of the two schemes, the radius of curvature of the first two mirrors change as the focal spot size
is changed. These mirrors produce a secondary source, where the horizontal and vertical sources are not
coplanar. That source is reimaged by the final, fixed figure mirror optics onto the sample, located 60 m from
the source. Note that the final horizontal and vertical mirrors must be moved to keep the “zoomable” focus
at the waist of the x-ray beam. The parameters for these configurations are shown in Fig. 14. The transverse
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Figure 9: Central cuts of intensity distributions vs horizontal (left) and vertical (right) position (upper
plots) and the corresponding principal value of the phase (lower plots) of undulator radiation electric field
from single electron propagated to sample position, without and with possible mirror errors, for the 100 m
beamline option, 1 um spot size case, see Fig. 12

coherence properties of the x-ray beam can also be altered by closing apertures along the beam path. As
the x-ray field becomes increasingly coherent, the divergence added by small apertures can be counteracted
by changing the curvature of the first two mirrors. As discussed below, this option is possible only at Sector
29-ID.

Fig. 12 summarizes our simulation for the 60-m concept providing a 1 micron focus with coherence length
matched to the beam size, while Fig. 13 demonstrates the ability to provide a 10 micron spot with little
change in the total number of photons in the focus. At the top of each figure is a a schematic optical design,
neglecting the monochromator, followed by the partially coherent horizontal and vertical beam profiles, the
simulation of the coherence function in each direction, and the location of the beam waist with respect to
the sample position, denoted 0 m on this plot. To bring the sample to the waist of the x-ray beam in any of
these simulations, it is necessary to move the final focusing mirrors.

2.4 100-m optical scheme

The 100-m long conceptual design is very similar to the shorter version discussed above. This design requires
that the endstation be placed in a satellite building to the facility. Additional information concerning this
building is discussed in Section 5. Figs. 12 and 13 demonstrate the layout and present the simulations that
assure that the optical scheme works as expected.

2.5 Comparison of optical designs

Fig. 14 provides the detailed parameters for the optical simulation. We note that the required bending
radius of either of the two mirrors is rather modest. In both designs, the final slits must be rather narrow,
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Figure 10: Results of partially-coherent 8 keV undulator radiation propagation calculations for the 60 m
beamline layout optimized for 1 um spot size at sample (scheme at the top): horizontal and vertical central
cuts of intensity distributions (upper plots), degree of coherence in the horizontal and vertical directions
(middle plots) at the sample position, and the horizontal and vertical FWHM spot sizes as functions of the
longitudinal offset from the sample position (lower plot). The calculations were done for a “lower” (a) and
“higher” (b) coherence cases, when the transverse coherence lengths at the sample are 1 um and 2 um
respectively.
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Figure 11: Results of partially-coherent 8 keV undulator radiation propagation calculations for the 60 m
beamline layout optimized for 10 um spot size at sample (scheme at the top): horizontal and vertical central
cuts of intensity distributions (upper plots), degree of coherence in the horizontal and vertical directions
(middle plots) at the sample position, and the horizontal and vertical FWHM spot sizes as functions of the
longitudinal offset from the sample position (lower plot). The calculations were done for a “lower” (a) and
“higher” (b) coherence cases, when the transverse coherence lengths at the sample are ∼10 um and >15 um
respectively.
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Figure 12: Results of partially-coherent 8 keV undulator radiation propagation calculations for the 100 m
beamline layout optimized for 1 um spot size at sample (scheme at the top): horizontal and vertical central
cuts of intensity distributions (upper plots), degree of coherence in the horizontal and vertical directions
(middle plots) at the sample position, and the horizontal and vertical FWHM spot sizes as functions of the
longitudinal offset from the sample position (lower plot). Mirror surface height error was derived from the
optical metrology data on actual mirrors installed at LCLS.
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Figure 13: Results of partially-coherent 8 keV undulator radiation propagation calculations for the 100 m
beamline layout optimized for 10 um spot size at sample (scheme at the top): horizontal and vertical central
cuts of intensity distributions (upper plots), degree of coherence in the horizontal and vertical directions
(middle plots) at the sample position, and the horizontal and vertical FWHM spot sizes as functions of the
longitudinal offset from the sample position (lower plot).
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Figure 14: Main parameters of optical elements for which the calculations illustrated in Figs. 10-13 were
performed. Details on the mirror geometry can be found in Section 2.10.

reinforcing the need for positional stability of the components with respect to one another and the sample.
Examining Figs. 10 to 13, we see that in order to remain in the waist of the x-ray beam, it is necessary to
move the mirrors. The minimization and impact of this movement is the subject of on-going simulations.
The total range of the required motion is on the order of 500 mm.

2.6 Comparison of floor plans

During the course of the beamline development project, we have considered multiple sites at NSLS-II at
which this beamline could be located. Fig. 15 shows a concept of the beamline positioned at 29-ID on the
experimental floor. The hutch occupies the 29-ID, 30-BM, and roughly half of the 30-ID slots on the floor.
Sector 30 is the injection point for the storage ring, so development of independent beamlines for these sectors
is unlikely. The floor space at 30-ID is currently used for the Synchrotron Light Monitor diagnostic used by
the accelerator staff to insure ring stability. Placing the hutch at this location would trigger a redesign effort
to relocate the diagnostic.

The proposed experimental hutch is much larger than any other built on the experimental floor. An
engineering concept for a hutch roof with this large unsupported span has not been undertaken. The hutch
footprint as drawn is not feasible, given the proximity of the detector support to the by-pass corridor and
the load-limit on the fringes of the experimental floor. A further design effort would be required. This is
likely to result in either a reduction in the sample-to-detector distance or a redesign of of the optical system
and a reduction of the angular coverage of the detector motion system. It is unclear how vibrational stability
would be ensured in this design. Environmental issues are addressed in more below, but vibrational noise is
a significant concern on the experimental floor.
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Figure 15: A schematic floor layout that represents a best fit between our 60-m optical design and the
available space on the NSLS-II experimental floor. Note that since the original drafting of this concpet,
it has become clear that the detector support cannot be this near to the access corridor surrounding the
experimental floor.
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These considerations, and the environmental concerns discussed in discussed in Section 3.3, lead us to
advocate for a 100-m-long concept. Here, the endstation is located in a dedicated satellite building at 9-ID
(Additional information is provided in Section 5.) and is connected to LOB 4, much as HXN is connected
to LOB 3. In this design–see Fig. 16–there is ample clearance for the arc of the detector motion system.
Disruption to current and future activities on the experimental floor is minimized and the environmental
factors affecting stability, both thermal and vibrational, can be assumed to be similar to those at HXN,
the NSLS-II beamline that has the most in common with the proposed project. In this preferred concept,
the monochromators, the first mirror pair, and related diagnostics will be located in hutch adjacent to the
NSLS-II shield wall. A small diagnostic enclosure, housing a “pop-in” destructive beam visualization screen
and a transmissive beam position monitor, would be located near the edge of the experimental floor. The
final focusing optics would be housed in a satellite building with the sample and detector positioning systems.

Figure 16: A floor layout that represents a best fit between our 100-m optical design with the experimental
station housed in a satellite building.

2.7 Fundamental harmonic filter

NSLS-II is a 3-GeV storage ring and, as such, an undulator’s fundamental harmonic energy is typically
below below our lowest design energy of 5 keV. Given the requirements on the optical design, namely, to
avoid unnecessary phase structure in the x-ray field, we propose to reduce the thermal load on our optical
components by introducing a filter to preferentially absorb the low energy undulator emission. A diamond
filter made through chemical vapor deposition would transmit about 88% of 5 keV radiation and less than
10% of that at 2 keV or below. Fig. 17 demonstrates this. The finite element analyses in the following
sections reference performance with this filter in place.
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100-m concept impact 60-m concept impact

Endstation location In a satellite building adja-
cent to the main building.

On the experimental floor
at Sector 29-ID.

Optical design
considerations
Beam pointing
stability

Stability requirement
demands feedback system.

Stability requirement
demands feedback system.

Mech. design
considerations
Space requirements Ample space to design an

unconstrained geometry to
meet the science needs.

Constraints exist on the ex-
perimental floor: 8-m detec-
tor arm may not be feasible,
accelerator device must be
redesigned and relocated.

Vibrational
stability

Due to its location in a
satellite building, there is
a high likelihood that re-
quirements could be met on
week days with controlled
access to the hutch. Can ex-
pect very good correlation
in floor motion over relevant
length scales.

On the experimental floor,
there is a high likelihood
that requirements could be
met at night and on Sun-
days and holidays.

Temperature
stability

Stability of ±0.1 ◦C in the
similarly-designed HXN
hutch.

Typical hutch performance
is ±0.5 ◦C.

Logistics 1. Hutch construction pro-
cedure is well-understood.

1. Hutch is large and the de-
tector system is heavy. May
require additional study.
2. Synchrotron Light Moni-
tor needs to be redesigned.

Table 1: A comparison of logistical considerations for the 60- and 100-meter designs
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2.8 Slits

Figure 17: The transmission of x-rays through a dia-
mond filter of thickness 20 microns. This device will
reduce heat-load on the optics at the cost of a small
reduction in x-ray flux.

In the above optical design, the control of the final x-
ray spot size and the spatial coherence properties of
the field are varied by coordinated changes in optics
and aperture sizes. Only one pair of slits will see the
white beam in our optical scheme and this aperture
will be relatively large. We will base the design on
facility experience, for example, the NSLS-II design
for the HXN white beam slits, whose performance
has been adequate.

The slits in the monochromatic beam will all
be of high quality to minimize the impact of any
unintended diffraction from imperfections. Fortu-
nately, the quality of slit blades for x-ray aper-
tures has increased dramatically during the last two
decades, most recently driven by the demands of
high-brightness sources, and both highly polished
and single crystal blades are commercially available
from multiple vendors.

2.9 Monochromators

The monochromator will determine the temporal, or
longitudinal, coherence length over an energy range
of 5-15 keV. To a first approximation, in CDI we require that the path length difference of the rays passing
through the extrema of a sample and interfering at the detector be shorter than[36]: llongc > d tan(θ), where
d is the size of the crystal and θ is the largest scattering angle measured(We define the coherence length
following Mandel and Wolf, Sec 4.2[37].). For example, to measure a (111) reflection from a gold crystal of
1 micron diameter with 8 keV incident photon energy, we require llongc > 0.35 microns.

To reduce the heat load on the bendable mirror pair in our optical scheme, we place the monochromator
in the white beam. The heat load will deform the crystal, but this load is expected to be relatively constant
since we do not plan to change the photon energy by more than a few hundred eV during a CDI measurement.

The CDI monochromator, located approximately 30 meters from the center of the CDI insertion de-
vice straight section, consists of one Double Multilayer Monochromator (DMM) and one Double Crystal
Monochromator (DCM) mounted on a common granite base. The 30 meter dimension is from the source
point to the center of the first multilayer in the DMM. The DCM will provide two pairs of silicon crystals,
Si(111) and Si(311), to cover the 5-15 keV photon energy range. The incoming white beam is horizontally
diffracted, with a 20 mm fixed offset, by either one pair of multilayer mirrors or one pair of silicon crystals,
see Fig. 18. The DMM and DCM optics are mounted on platforms in their vacuum chambers. The platform
rotation axes, in the y-direction, are located at the centers of the first optical elements surfaces and the
lengths of the 2nd optical elements are set to accept the shifting beam footprint as the monochromator
energy is changed over its full range.

In the DCM mode of operation shown in Fig. 19(right), the multilayer mirror pair is moved out of
beam path by a horizontal translation perpendicular to the first multilayer mirror surface when the DMM
Bragg angle is set to zero, defined as the alignment position. In the DMM mode of operation shown in Fig.
19(left), the vertical translation of the DCM crystal cages is set to a gap between the crystal pairs. This
translation is used to select either the Si(111) or the Si(311) crystal pairs during DCM operation. In this way,
the same region of a sample can be interchangeably measured with either the wide-bandpass DMM or the
narrow-bandpass DCM, allowing for the best matching of source properties to the needs of the measurement.

2.9.1 Double crystal monochromator

We propose, as the primary monochromator, a fixed-offset double crystal monochromator equipped with
two pairs of crystals: Si(111) and Si(311). The longitudinal coherence length of the radiation passing the
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Bragg Angle Rotation Platform
DoF Range Repeatability Resolution Stability

Bragg Angle∗,† −1◦ to 5◦ <1.0 µrad <0.25 µrad <0.2 µrad
∗Rotation Center: center of the first multilayer surface along Z direction, around Y axis.

†Operating range is 1.1◦ - 3.6◦.
The 1st multilayer orientation

DoF Range Repeatability Resolution Stability
Fine Pitch ±500 µrad (Rocking Curve Scanning) <0.5 µrad <0.1 µrad <0.1 µrad
Fine Roll ±1◦ <2.0 µrad <0.5 µrad <0.1 µrad

X Translation −9 mm to 1 mm 1 µm 0.5 µm -
The 2nd multilayer orientation

DoF Range Repeatability Resolution Stability
Coarse Yaw ±2◦ (with manual locker) - <2.0 µrad -
Coarse Roll ±2◦ (with manual locker) - <2.0 µrad -

X Translation, fine ±0.1 mm <0.5 µm <0.1 µm <0.2 µm

Table 2: Specifications for DMM motions.

Bragg Angle Rotation Platform
DoF Range Repeatability Resolution Stability

Bragg Angle∗,† −1◦ to 52◦ <2.0 µrad <0.5 µrad <0.2 µrad
Y Translation ±50 mm <10 µm <1 µm <1 µm

∗Rotation Center: center of the first crystal surface along Z direction, around Y axis.
†Operating range is 7◦ - 50◦.
The 1st multilayer orientation

DoF Range Repeatability Resolution Stability
Fine Pitch ±200 µrad (Rocking Curve Scanning) <1.0 µrad <0.2 µrad <0.1 µrad
Fine Roll ±1◦ <2.0 µrad <0.5 µrad <0.1 µrad

The 2nd multilayer orientation
DoF Range Repeatability Resolution Stability

Coarse Yaw ±2◦ (with manual locker) - <2.0 µrad -
Coarse Roll ±2◦ (with manual locker) - <2.0 µrad -

X Translation, fine −0.5 mm to 7 mm <1.0 µm <0.2 µm <0.2 µm

Table 3: Specifications for DCM motions.
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Figure 18: (left) CDI Monochromator Optics Scheme and (right) layout elevation view, viewed from the
outboard side.

Figure 19: DCM and DMM Operation Modes

monochromator depends on the wavelength, λ, the Darwin width, ω0, and the Bragg angle, θB , of the

reflection[38]: lc = λ2/∂λ = λ tan(θB)/ω0. For our chosen crystals, these values are: l
Si(111)
c = 1.2 microns

at 8 keV; and l
Si(311)
c = 5.6 microns at 8 keV. We expect that the Si(111) crystals will be sufficient for routine

operation and the Si(311) will permit the study of large crystals and high-order reflections.

2.9.2 Horizontal vs vertical deflection

Figure 20: The reflectivity ratio of various Si reflec-
tions when horizontally polarized x-rays are incident
upon a horizontally deflecting monochromator due to
the narrowing of the energy band-pass.

We propose to use a conventional source, i.e., the
radiation produced will be horizontally polarized.
Additionally, we expect that the performance of this
beamline will be sensitive to beam motion and we
propose a cryogenically cooled crystal monochroma-
tor. Horizontally deflecting monochromators tend
to provide higher beam stability, since the primary
rotation is about the vertical axis. This feature,
generally, allows for less excitation of the vibrational
modes of the device by the vibrations of the ambient
environment.

This geometry reduces the reflectivity of the de-
vice, due to the polarization dependence of the Dar-
win curve. These concerns have recently been ad-
dressed in a technical note prepared in conjunction
with Advanced Photon Source upgrade project[39].
Fig. 20 shows the relative reflectivity of a hori-
zontally deflecting monochromator with respect to
a vertically deflecting one. For example, a Si(111)

monochromator reflects approximately 50% as much light as a vertically deflecting one, with the ratio grow-
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ing to 85% at 8 keV, and more than 90% above 10 keV. Si(311) crystals reflect less, reaching only 40% the
performance of a vertically deflecting device at 8 keV. Since our general use-case for Si(311) is to support the
measurement of large crystals, we expect that these samples will require the use of higher photon energies, to
allow for absorption. While the above is certainly true, there is an additional consideration that is specific to
CDI: because the reduction of the reflectivity is due to the narrowing of the Darwin width, the longitudinal
coherence in these beams can become quite long, which is clearly beneficial for large samples. Our conceptual
design proposes to provide a double crystal monochromator with two pairs of silicon crystals,
Si(111) and Si(311), in a horizontally deflecting geometry.

2.9.3 Multilayers

A broader-bandwidth monochromatic beam (∂E/E ∼1% or a bit less) is desired for locating and orienting
grains within a polycrystalline sample, or for generally offering a more intense monochromatic beam for
CDI measurements with adequate longitudinal coherence for the problem at hand. We plan to achieve this
through use of a double multilayer monochromator that will be installed in the FOE adjacent to the double
crystal monochromator, having the same offset as the latter and implemented in such a way such that one
or the other monochromator is in use (with the one not in use being retracted from the beam path). A
multilayer, or any Bragg diffractive optic, consisting of a stack of alternating heavy and light layers diffracts
a bandwidth given by [40]: B = Cd2|F |/v, where C is a proportionality constant, d is the d-spacing of the
Bragg planes, F is the structure factor for the Bragg reflection, and v is the unit cell volume. The ratio
of |F | to v is simply an effective x-ray scattering density for the material and Bragg reflection at hand.
Bandwidths diffracted by multilayers are larger than those diffracted by single crystals mainly by virtue of
the larger d-spacings of multilayers, typically a factor of 10 bigger than for single crystals.

Large multilayer d-spacings imply shallower Bragg angles for multilayers compared with single crystals.
Thus to preserve the same offset in a double multilayer monochromator as compared with a double crystal
monochromator, the two multilayers must be spaced relatively far apart. For a desired offset of 20 mm, two
multilayers having a 2 nm d-spacing must be spaced apart by 16 cm along the beam direction at 5 keV, by
32 cm at 10 keV, and by 48 cm at 15 keV. If the d-spacing is 2.5 nm, these separations increase to 20, 40,
and 60 cm respectively. To achieve this inside a vacuum chamber, a mechanism which involves using a sine
bar drive to change the angle of the multilayer pair is under consideration; the limited angle travel of a sine
bar drive would be acceptable because the full energy range would be covered across less than 3◦. We seek
to employ water cooling of the first multilayer, that is struck by the white beam, to minimize vibrations.
Finite element analysis (FEA) calculations indicate (See Table 4.) that acceptable thermal distortions of a
multilayer are achievable for the incident white beam dimensions under consideration.

Metal-based multilayers consisting of metal or metal compound heavy layers, e.g., W, Ru, Mo, Pd, etc.,
and carbon/carbide or silicon/silicide light layers are commercially available and can be grown on smooth
flat substrates such as silicon to dimensions exceeding tens of cm laterally. Hundreds of bilayers are typically
deposited and the d-spacing of the bilayer can be anywhere from typically 2 nm to 5 nm or higher, with
the thickness of the heavy layer typically being about one-fifth to one-half of the d-spacing. Interdiffusion
between the light and heavy layers of the bilayers tends to limit the practical smallest d-spacing to be
2 nm, although d-spacings as small as 1.5 nm or less have been reported (See A. Rack et al.[41] for a review
of multilayers used as monochromators in hard x-ray imaging applications.). An alternate route toward
achieving narrower diffracted bandwidths for multilayers, typically 0.1%, involving minimal electron density
contrast between the heavy and light layers of the bilayers has been explored, involving use of light metal
oxides such as aluminum oxide as the heavy layer[42].

Calculations of the energy resolution and longitudinal coherence length using 2.5 nm d-spacing Mo-Si
multilayers, with the thickness ratio of Mo:Si being 0.4:0.6, have been carried out. At 5 keV, the energy
resolution would be 68 eV and the derived longitudinal coherence length would be 18.2 nm. These would be
136 eV and 9.0 nm respectively at 10 keV, and 205 eV and 6.0 nm respectively at 15 keV. For the case of 200
bilayers, the reflectivity of a single multilayer would exceed 60% at 5 keV, exceed 80% at 10 keV, and exceed
90% at 15 keV using the first order Bragg reflection; this assumes no interdiffusion between the layers. In the
presence of interdiffusion between layers with a sigma thickness of 0.5 nm, the reflectivity would be reduced
to around 30% at 5 keV, 60% at 10 keV, and 75% at 15 keV, while the diffracted bandwidths would narrow
somewhat, thereby increasing the longitudinal coherence length.
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Energy Sagittal Slope Error Longitudinal Slope Error
Peak-peak RMS peak-peak RMS

5 keV 118.4 µrad 38.2 µrad 0.10 µrad 0.025 µrad
10 keV 36.10 µrad 11.7 µrad 0.12 µrad 0.029 µrad
10 keV 20.50 µrad 6.30 µrad 0.49 µrad 0.103 µrad

Table 4: The 1st multilayer mirror surface slope errors.

2.9.4 Monochromator offset

The DCM and DMM will provide the same offset of 20 mm of the monochromatic beam with respect to the
incoming white beam. The offset will remain constant when changing x-ray energy. This offset is sufficient
to ensure that white beam stops can be placed upstream of the mirror systems.

2.9.5 Finite element analysis of filter, DCM, and DMM

Upstream of the CDI monochromator, a 20 micron-thick diamond filter is inserted in the beam to filter out
low energy photons. The maximum power transmitted by this filter is ∼ 185 W when the front end slits are
set to 3 mm(Horizontal) × 1mm(Vertical) opening values. Fig. 21 shows the total power absorbed by the
CDI monochromator at different energies and at different front end slit openings.

Figure 21: The Power Density Distribution after the CDI Filter

A new top-side water cooling scheme[43] is applied to the first multilayer mirror. The optics are fully
illuminated by the beam in the longitudinal direction, which means that the size of the beam footprint in this
direction is a constant 50 mm over the full energy range. Grooves cut into the multilayer mirror substrate
just below the cooling channels are successfully able to isolate most of the mirror volume from the thermal
distortion of the surface. The optimized substrate geometry with its cooling blocks is shown in Fig. 22.

Fig. 23 shows the CDI DMM 1st multilayer mirror temperature, displacement in X direction, and
mechanical stress distributions for 5 keV, 10 keV, and 15 keV photon energies.

The optics surface profile of the 1st multilayer mirror is summarized in Fig. 24 and Table 4. Over the
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Figure 22: DMM 1st Multilayer Mirror Cooling Scheme

full photon energy range, the RMS longitudinal slope errors of the DMM multilayers are less than 0.11 µrad,
and the worst-case RMS equivalent slope errors (taking Bragg angle value into account) are less than 2.4
µrad.

The classical indirect LN2 cooling scheme is applied to the CDI DCM. To efficiently resolve heat load, the
front end slit opening is set to 0.6 mm horizontal X 1mm vertical in order to limit the maximum absorbed
power to less than 42 W at 5 keV photon energy. Fig. 25 shows preliminary FEA surface profile results for
the 1st crystals of the CDI DCM. In the worst cases (largest Bragg angle, 5 keV), the surface slope errors
are less than 1.7 µrad and 2.85 µrad for Si (111) and Si (311) respectively.

2.10 Mirrors

We have chosen to design our optical system around reflective optics, i.e., mirrors, to assure the achromaticity
of the system. This is an important consideration due to the desire to exploit resonant contrast in complex
samples and the need to acquire 3D Bragg CDI data by scanning the photon energy, which, in turn, is needed
when the sample cannot be easily ”rocked” to measure a full Bragg reflection, e.g., due to a large or complex
environmental cell.

2.10.1 Pre-focusing optics

The first mirror pair in our optical scheme will provide relatively gentle focusing of the beam. As such
the the requirements on the range over which the mirror radii change is roughly 5 to 40 km. We believe
that this can be accomplished relatively easily with a standard bendable x-ray mirror. Our simulations were
conducted with a figure error and height roughness that represents the best routinely achievable performance
of commercial vendors.

2.10.2 Final focusing optics

This figures on this pair of mirrors will fixed. The performance of the beamline is most tightly specified by
the performance of this mirror pair. We will pursue the best available mirrors for this system: < 0.15 nm
mid-spatial frequency roughness and < 100 nrad slope error. As discussed below, these mirrors will have
two stripes: one bare silicon and the other Cr.
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Figure 23: DMM 1st Multilayer Mirror temperature, Displacement and Stress Distributions

Figure 24: The 1st multilayer mirror surface profile thermal performance.

2.10.3 Incidence angles

In order to provide as much usable flux to the sample as possible, we propose a mirror system with relatively
low angles of incidence. A plot is shown in Fig. 26, where the condensing mirrors make an angle of 1.75
mrad with respect to the beam emerging from the source and the final focusing optics 3 mrad with respect
to their illuminating beam. Due to the low angle of the first mirror pair, these are proposed to be made
from uncoated silicon. In the current design, our harmonic rejection is provided by the final focusing optics.
While Rh is commonly chosen as a mirror coating, we propose to use Cr to provide additional harmonic
rejection. The final focusing mirrors are proposed to be silicon with a Cr stripe. This system
provides approximately 80% transmission over the beamline energy range, with nearly 85% transmission at
8 keV. Below 10 keV, Si would be the preferred mirror surface.

The harmonic energy rejection will be somewhat poor at the low energy end of the beamline’s capability;
however, harmonic contamination is rarely a significant problem in Bragg CDI data and most forward-
scattering studies would be conducted at higher energies, where the transmission through the sample is
higher.
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Figure 25: The 1st Crystal Surface Profile Thermal Performance.(Coolant temperature: 70 K; Thermal
exchange co-efficiency: 0.005 W/mm2 / degree C)

2.10.4 Motion of optics

In recent years, a great deal of effort has been directed toward improving the angular stability of monochro-
mators. There are now several examples of liquid nitrogen double crystal monochromators that have demon-
strated a pointing stability below 100 nrad[44, 45].

2.10.5 Visualization

We will install beam visualization diagnostics after each major optical element in the beam path and near
the downstream end of the experimental floor. These will be used to align the optical system, provide quality
assurance checks, and for comparison to simulation. This latter activity is expected to be important, given
the interplay between the optical elements in our scheme to provide variable coherence properties and focal
spot size.

2.10.6 Feedback

Figure 27: Recent results from the feedback stabilized
beam position at HXN. Courtesy of Yong Chu.

Source-angle stability has been a study area at
NSLS-II for the past several years. This activity
has included the development of multiple feedback
system, each using some different combination of the
accelerator and beamline hardware, and a task force,
comprised of photon and accelerator physicists, con-
tinues to meet regularly.

Feedback on electron beam trajectory normally
acts on the input from electron beam position mon-
itors. In the few sectors where x-ray beam position
monitors are installed, the signal from both types
of BPM is combined and this input results in more
stable beam pointing.

X-ray photon BPMs are typically based on
drain-currents measured through blades (The BPMs
present in the beamline front ends are of this type.)
or charge collection in a solid-state device, com-
monly comprised of diamond. Generally, this input

signal results in a corrective motion of either the monochromator or one or more mirrors. We will first
investigate the feasibility, including the expected response frequencies of our mirrors and monochromators
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Figure 26: The total reflectivity of the proposed mirror system. The prefocusing mirrors have only a silicon
surface, while the final focusing optics have silicon and chromium stripes. The reflectivity for the silicon
stripes is shown in blue, while the chromium is shown in red.

as we finalize the designs. Given our dual-monochromator design, it might be advantageous to provide a
feedback response with the mirrors, but additional study is needed to assess feasibility.

2.11 Exit window

In any coherence-preserving beamline, it is vital to choose a good exit window material and design. We
propose to use a diamond window for the current project. Two considerations may require the alteration of
this plan: (1) the window must be rather thin to allow operation at 5 keV, i.e., 50 microns or thinner; and (2)
the displacement between the direct beam, coming past the final mirrors, and focused beam will be around
10 mm. If such a window cannot be acquired, we will consider an exit flange with multiple, smaller windows
or a exit window made from Be. The final option is not preferred due to the potential contamination of the
beam’s phase by inclusions and voids within the Be.

3 Endstation Design

The proposed hutch is an irregular pentagon that is contained by a rectangle of 26 x 13 m and approximately
4 m tall. The concept is shown in detail below, during our discussion of the satellite building in Section 5.
The remainder of this section describes the equipment within the hutch.
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Figure 28: (left) A close-up view of the sample position in the endstation, note the large clearance provided.
(right) An example of a kappa goniometer commercially available from Huber.

3.1 X-ray transport

We propose to preserve at least 500 mm of free space between the downstream end of the final mirror vessel
and the sample location(See Fig. 28(left) for the concept.). Among the uses envisaged for this clear area is
provisioning for:

• environmental cells to support in situ and operando science;

• “clean-up” slits, to condition the beam for demanding forward scattering CDI experiments;

• laser in-coupling and focusing optics, to support optical pump/x-ray probe experiments; and

• diagnostics, including for the beam position and intensity and, potentially, for monitoring the wavefront
of the incident x-ray beam.

To support these, we will provide an optical-table or similar in the intervening space.

3.2 Sample positioning

3.2.1 Goniometer

We tentatively propose a kappa goniometer for orienting the sample. Our preference to the kappa geometry
is driven solely by the desire to provide as flexible a diffraction geometry as possible. The Huber model 515
will permit a load of 2.5 kg, which combines the mass of the sample, its cell–if any–and the sample scanning
stages. We propose to allocate 1 kg of this total load to the sample and its cell, reserving the remainder for
standard scanning and positioning stages. An example of one such diffractometer is shown in Fig. 28(right).
We do not believe that this geometry will accommodate all foreseeable sample geometries, for example, in situ
growth experiments will likely require large vacuum vessels. To support these experiments, we will design-in
the planned capability to remove the standard goniometer and replace it with a limited-range-of-motion
alternative.
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3.2.2 Scanning stages

In order to meet the demands of the science case for the instrument, we need both nano-positioning and
centimeter-scale scanning ranges. We will engage the nanopositioning group at NSLS-II to develop a de-
tailed design for this system. Similar systems have been constructed by combining individual commercial
components. In the current case, we will aim for a positional accuracy better than 50 nm. This requirement
is driven by the scanning-probe variation of the CDI techniques, e.g., ptychography. Here, the sample is
scanned with step size much smaller than the size of the illuminating probe beam, here with stability of
about 5% of the probe beam size.

3.3 Environmental requirements

The system comprised of the optics, sample, and detector spans a significant distance on the experimental
floor: approximately 13 m. The highest requirement on the stability is that between the sample and the
optical axis of the incident x-ray beam. Here, the short term stability requirements are motion below 50 nm,
as discussed above, and the long term drift should be reduced to 10s of nm per hour. This relative stability
should be maintained over the 2.6 m length of the sample-optics system. The stability requirement of the
detector with respect to the sample is determined by the impact of the motion of the diffraction pattern
on the detector. This motion is effectively a blurring of the diffraction pattern in the detector, which, from
an algorithmic point of view, is similar to illuminating the sample with a partially transversely coherent
x-ray beam. From literature, we know that the method is very sensitive to partially coherent illumination
(In Whitehead et al. [14], an illumination with a coherence length tens of times as large as the standard
requirement, was shown to have detrimental effects on the reconstruction.) This motion should be minimized
to the extent possible and we judge that a reasonable criterion is a motion of 5% of a detector pixel. The
smallest commercially available CDI-compatible detector has a pixel size is 55 microns. Our sample-to-
detector pointing stability target is then 350 nrad from all sources. If we achieve a pointing stability of
100 nrad or better in the optical design, our requirement on the sample-to-detector positional stability is
2.7 microns. Achieving this goal will require significant design effort, good temperature stability, and a
vibrationally quiet location.

We have taken measurements of the vibrational stability of the experimental floor inside the NSLS-II
building and in the hutch of 3-ID, HXN. The measurements are acquired with a pair of seismometers, with
an active frequency window from 1 to 800 Hz. Fig. 29(top) shows a typical plot of the vertical displacement
of the experimental floor, integrated over the 2 to 100 Hz range, against time. The corresponding horizontal
displacement is shown in Fig. 29(bottom). In both figures, the large spikes, which occur late at night or
in the early morning, can be correlated with freight train activity south of the BNL site. The violet trace
was collected near the boundary of the experimental floor and the bypass corridor surrounding it. The
curves consistent show that the vertical displace is approximately 5 nm RMS greater near the edge of the
experimental floor, where the detector would be located in our 60-m layout. Similar measurements were
conducted in the HXN hutch. An example is shown in Fig. 30. Generally, the magnitude of the vibrational
motion is of order 20% less in the HXN hutch; however, the data from the 12th of February in this figure
show that it is possible to have a relative stability on the order of 10 nm RMS inside the HXN hutch when
the surrounding human activity is restricted, the corresponding relative stability of the experimental floor
is nearly twice as large. Activity on the experimental floor cannot be restricted in this way and we do seen
such a low value on any standard working day in that data.

Our stability requirements are generally phrased as requirements on the relative motion of two or more
components. Realizing absolute requirements on devices requires a good understanding of the transfer
function, i.e., how vibration is transferred from the floor to the relevant location on the device. Our plans
are not yet sufficiently advanced to provide this. We can, however, examine the response of two places inside
the HXN hutch and on the experimental floor as a function of displacement. Fig. 31 summarizes the this
from a 0 m displacement of the two seismometers up to 11 m. The HXN floor generally outperforms the
experimental floor. Notice that this plot of relative displacement normalizes out the vibrational advantage
of the HXN floor, in other words, the absolute displacement between two points on the HXN hutch floor are
significantly lower than on the experimental floor. Given the high stability requirements of the method and
the distance over which we must maintain this stability, we have a clear preference for an outbuilding
such as that constructed for HXN.

35



Figure 29: Plots of the RMS displacement of the experimental floor at sector 29-ID. The measurements were
collected at two different locations on the 29-ID floor slot. The violet curve was near the tentative location
of the detector in our scheme and shows high amplitude displacements. The green curve is derived from
data collected near the tentative sample location. (Top) The measured vertical displacement. (Bottom) The
measured horizontal displacement.

3.4 Detection

The method requires sampling according to the Shannon Theorem. Decreasing the coherence of the incident
beam is, in the far-field under the normal CDI image formation assumption, a convolution between the
fully coherent diffraction pattern and the propagated coherence function. The usual assumption is that
the coherence function is featureless, i.e., a positive constant, over a domain of twice the sample’s largest
dimension. In this case, the convolution yields the fully coherent diffraction pattern. When transverse
coherence is reduced, the diffraction pattern appears “blurred.” As the illuminating coherence function
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Figure 30: Plots of the RMS displacement of the hutch floor at HXN near the sample location. The green
curve represents the vertical motion and the violet the horizontal. Note the difference between 2/12 and
other weekdays, which illustrates the impact of human activity in the hutch.

becomes smaller than the object, the combined sample diffraction pattern becomes undersampled. In short,
partially coherent CDI requires a higher sampling rate than its fully coherent counterpart. A conservative
approach would be to increase the sampling rate by twice the ratio of the sample size to the coherence length.

The effect of imperfect longitudinal coherence has an angular dependence, whereby the blurring effect
has an angular dependency, for forward-scattering CDI, the so-called polyCDI–polychromatic where a poly-
chromatic illumination is introduced–this criterion has been derived and has been used in Table 5 to estimate
the size of the object that the current beamline could be used to investigate without a translation scan of
the sample. The entries in this table assume critical sampling of the diffraction pattern unless otherwise
stated and, thus, present a best case scenario. An important consideration is that the sampling factors for
the final two columns in the table are multiplicative, i.e., the largest sample that could imaged via CDI is a
factor of 12 smaller than the original, critically sampled CDI criterion provides (This neglects the enhanced
requirement on longitudinal coherence for Bragg CDI, as discussed above. The largest FCC, elemental metal
crystal that could be imaged with a 1% bandpass DMM is likely to be smaller than 100 nm.).

In large part, the maximal use of partially coherent illumination in CDI has not been explored. Some
development is certainly required, but the potential benefits are large: two decades of increased flux from
decreased longitudinal coherence and one decade from decreased transverse coherence could allow CDI on
a micron sized object simultaneous to Bragg CDI on a 50 nm crystal with an illuminating field of 1014
photons. This would be an excellent basis for the very-high spatial resolution imaging of heterogeneous
functional materials.

Below, we use the following equation to relate detector properties to the field of view and resolution of
a final image produced by CDI. We define the following to represent the physical quantities relevant to the
imaging process:

N the number of pixels in the detector;

d1 the pixel size in real space;

d2 the size of a pixel in the detector;

λ the wavelength of the radiation;

z the sample to detector distance.

The pixel size of the real-space, d1, is related to the physical size of the detector, Nd2, by d1 = λz/Nd2.
Generally, the image resolution is defined by the extent of the diffraction pattern on the detector. In this
formalism, the maximum size of the object under investigation, in 1D, is less than d1N/2. This requirement
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Figure 31: Plots of the percent relative displacement as a function of separation on the experimental floor at
29-ID, shown in blue, and inside the hutch at HXN, shown in red. (Top) The measured vertical displacement.
(Bottom) The measured relative displacement in the horizontal. Note that this percent relative displacement
is normalized by the absolute displacement, i.e., the advantage of the HXN floor is greater than is immediately
obvious.

ensures appropriate sampling for a general object of size N/2, which, in turn, is required to assure the
uniqueness, for all practical purposes, of a success reconstruction. Below, we will present a detection geometry
informed by these considerations.

3.4.1 Detector technology

Since CDI requires the adequate sampling of a diffraction pattern, whose intensity spans many orders of
magnitude, detectors that operate via direct photon detection are preferred. For the energy range discussed
in this document, 5 to 15 keV, the quantum efficiency of silicon detectors is above 95%, so we propose the
adoption of a silicon pixel array detector. Common devices include the Eiger–produced by Dectris–and the
Medipix-derived products, such as the Excalibur. As multiple commercially available options are likely to
exist on our procurement timeline, we will choose the detector based on an assessment, in order of importance,
of its (1) single-photon detection capability; (2) dynamic range and read-out speed; and (3) pixel size. The
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Energy
[keV]

Detector
pixel
[micron]

Largest object
size with critical
sampling [micron]

Largest object
size with typical
sampling [micron]

Largest object
size with polyCDI
sampling [micron]

Largest object with
half the transverse
coherence [micron]

5 40 25 12 8.1 6.3
5 55 11 5.5 3.6 2.8
5 75 8.3 4.1 2.7 2.1
10 40 12 6 4 3
10 55 9 4.5 3 2.3
10 75 6.6 3.3 2.2 1.6
15 40 8.3 4.2 2.7 2.1
15 55 6 3 2 1.5
15 75 45 2.2 1.4 1.1

Table 5: A summary of the constraints on CDI experiments as a function of instrument photon energy,
detector pixel size, and and sample-to-detector distance.

first is required for high-resolution CDI images. The second supports the imaging of material dynamics
and might reduce stability requirements, depending on the period of the disturbance. The third, with the
photon energy and the detector arm length, establishes the largest-sized object that can be investigated
without a translational scan. The long detector arm and variability in the incident photon energy allows the
de-emphasis of this final point and eases detection requirements. Table 5 is populated with nominal pixel
sizes for these detectors: d2 = 75 microns for the Eiger, d2 = 55 microns for a Medipix-type camera, and
d2 = 40 microns as an estimate of the best-expected point-spread function for a detector with the necessary
dynamic range.

In the case of a critically sampled diffraction pattern, i.e., the pixel pitch of the detector exactly matches
the Nyquist sampling rate for the signal arising from the sample, the field of view of a CDI reconstruction is
d1N/2. For example, we set a goal to to measure measure objects 10 microns or smaller at 10 nm or better
resolution, which specifies a 2 000 x 2 000 pixel array detector.

3.4.2 Detector Positioning

Two considerations drive the positioning requirements on the detector motion system. First, as discussed
above, the sample-to-detector distance is couple to the ultimate resolution of a CDI image by the radiation
wavelength and the detector sampling period. Based on readily available detector technology, our photon
energy range, and the scientific need to support the imaging of objects as large as 10 microns, we propose a
maximum sample-to-detector distance of 8 m. This is the detector distance used in the calculations presented
in Table 5. The minimum distance will be 0.5 m.

We seek to avoid the imposition of constraints on the sample geometry–because we recognize that the
science cases supported by the instrument require flexibility in environmental cells and, potentially, posi-
tional orientation–by providing a generic detection geometry. We believe it feasible to elevate a detector to
approximately 1.5 m above the beam axis. (A larger elevation would require an unusually tall x-ray hutch
and the engineering required to position the detector accurately and stably becomes increasingly complex
beyond this point.) The proposed elevation allows for a vertical scattering angle of 11 degrees at 8 m, and
more than 70 degrees at 0.5 m. In the horizontal plane, we will allow the detector to move continuously
between -5 and 120 degrees, with respect to the x-ray beam. This wide angular range is driven by a number
of considerations. First, at 5 keV, it is not unusual for low-order reflections to have total scattering angles
approaching 90 degrees. Second, the sensitivity to deformation in Bragg CDI increases with the order of the
reflection under measurement, so the highest strain sensitivity is only available by accessing large scattering
angles. Third, to maximize the feasibility of measuring multiple peaks from a single crystal, flexibility in
the detection should be maximized. Finally, the ability to access near-backscattering reflections would be a
unique capability.

As described in the introduction, we propose to support two independent area detectors with our detection
scheme. As shown in Fig. 32, each detector will move independently along a predetermined arc centered on
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Figure 32: The detector motion system concept. Two detectors move independently along an arc with a
continuous variable radius between 0.5 and 8 m. In the horizontal plane, scattering angles up to 120 degrees
are possible. In the vertical, the maximum angle is 11 degrees at 8 m and 70 degrees at 0.5 m.

the sample location in the horizontal plane and elevated vertically. An additional tip axis will be provided
to allow the detector to be perpendicular to the ray originating from the sample. He-filled flight paths, not
shown, will prevent unnecessary attenuation of the diffraction signal.

3.5 Time-resolved provisioning

The beamline will be constructed with support for time-resolved measurements, although no specific appa-
ratus is included in the scope. Timing hardware is proposed to consist of a fast-timing event receiver that
receives signals directly, via fiber, from the NSLS-II event generator.

Similarly, although no laser system is included in the scope of the beamline project, we have included
the construction of a room suitable for a laser system, utilities support for such a system, and safety
infrastructure.

4 Controls Considerations

We will follow the best-practices established by previous beamline construction projects and the NSLS-II
controls group. The highest risk task in this area is the control of our unusual two-detector geometry. We
have engaged the NSLS-II data acquisition group to discuss the scope of work required to routinely use these
for data collection and believe that this can be achieved.

5 Preliminary Comments on a Satellite Building

We propose to construct a satellite building to house the CDI beamline. HXN is only other beamline at
NSLS-II with similar environmental–vibrational and thermal–requirements and we will modify that design
to accommodate the larger footprint of the CDI endstation. A concept for this layout can be found in Fig.
33(Top) and (Middle). The total footprint of this concept is approximately the same as the HXN satellite
building. (Please note the locations of hutch walls are not final in this version.) The concept for the design
of the hutch itself will be similar to that of HXN, Fig. 33(bottom) shows a cross-sectional view of this
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Figure 33: (Top) An isometric view of the proposed endstation and satellite building. (Middle) A top-down
view of the same. Note the space reserved for a future laser enclosure in the lower right-hand corner. The
total footprint is nearly identical to that of the HXN building. (Bottom) A cross section of the HXN hutch
design that we propose to imitate. The floor thickness is 39” and the final wall thickness is 8”.
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design. In short, all structural elements of the hutch will be composed of concrete. The floor thickness will
be approximately 39”, compared to the 15” thickness of the experimental floor. The wall and roof thickness
of roughly 8” will add physical and thermal mass to the structure. The control room will be located near
the endstation in the satellite building.

The satellite building will be accessible from the experimental floor, where a roll-up door will allow
access for equipment, and through the neighboring LOB. A small area near the upstream, outboard corner
of the hutch will be reserved for an optical laser, allowing its placement on the same slab as the rest of the
endstation.

Preliminary inquires to the parties responsible for the specification and design of similar buildings, in-
cluding those housing the endstations for the HXN and SIX beamlines and the HEX beamline project, have
indicated that that our preliminary concept is feasible. Further study and the development of plans for a
specific satellite structure will require further investment.

6 Safety

In addition to following standard NSLS-II safety procedures for containing radiation hazards and accessing
x-ray hutches, the beamline design will provide appropriate emergency egress routes and the capability to
handle samples and hazards associated with environmental cells safely. Care will be taken to ensure that the
detector motion system can be operated safely. An integrated x-ray photon safety system and laser safety
system will be needed; examples exist on operational NSLS-II beamlines.

Detailed safety information will be developed, in the future, for the preliminary design review.
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